Introduction
============

Platelet activation plays a key role in the pathogenesis of atherothrombosis and acute coronary syndrome ([@B01]). Several studies have demonstrated that low-density lipoprotein cholesterol (LDL-C) enhances platelet activation, leads to platelet hyperactivity, and subsequently increases the risk of arterial thrombosis ([@B02]). Hence, LDL-C is the major cause of coronary heart disease (CHD) ([@B03]). On the other hand, previous epidemiological studies found that high-density lipoprotein cholesterol (HDL-C) exerts a cardioprotective effect and reduces the risk of cardiovascular disease ([@B04]). However, inconsistent results of the HDL-C effect on platelet activation were reported in previous findings ([@B05],[@B06]). Thus, the effect of HDL-C on platelet activation remains unclear, and the effect of high levels of LDL-C combined with low levels of HDL-C (HLC) on platelet activation in particular has not yet been reported. To clarify the relationship between them could be clinically important in the prevention and treatment of cardiovascular disease.

The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors - statins - reduce the incidence of major coronary events in both primary and secondary prevention ([@B07],[@B08]) owing to their antiplatelet effect ([@B09]). However, the antiplatelet effect of statins on HLC is still not fully defined.

In this study, platelet activation was analyzed by evaluating the activation markers of platelets, such as P-selectin and GPIIb/IIIa. Both of these integrins are expressed only on the surface of activated platelets. GPIIb/IIIa is a fibrinogen receptor and the binding reaction between platelets and fibrinogen leads to the formation of thrombus. Thus, the increase in GPIIb/IIIa is highly associated with acute coronary syndrome ([@B10]). Furthermore, P-selectin is an adhesion molecule, which modulates platelet-leukocyte, platelet-monocyte, and platelet-endothelium interactions ([@B11]). P-selectin also contributes to the process of stabilizing GPIIb/IIIa-fibrinogen formation, which determines the size and stability of platelet aggregates ([@B12]).

The aim of this present study was to evaluate the platelet activation markers \[P-selectin, GPIIb/IIIa, and maximal platelet aggregation (MPAG)\] of HLC patients and investigate the antiplatelet effect of atorvastatin on this population.

Material and Methods
====================

Study population and protocol
-----------------------------

Eligible for this study were patients with high levels of LDL-C \[4.1-4.9 mM; (borderline high levels are 3.4-4.1 mM and very high levels are \>4.9 mM, according to the classification of ATP III) ([@B03])\] and triglyceride (TG) levels less than 1.7 mM. The patients were then divided into 2 groups: the first group consisted of patients with high levels of LDL-C combined with normal levels (\>1.0 mM) of HDL-C (HNC), and the second group consisted of patients with HLC (i.e., HDL-C \<1.0 mM). None of these patients had been treated with lipid-lowering drugs within 2 months. Moreover, 35 normocholesterolemic (NOMC) volunteers who were matched according to age, gender, and risk factors were included as a control group. The exclusion criteria were hypertension, type 2 diabetes, treatment with antiplatelet drugs, CHD, peripheral vascular disease, hemostatic disorder, chronic inflammatory disease, thyroid disorder, nephrotic syndrome, renal insufficiency, liver disease, and mental disorder. All study participants underwent either electrocardiogram (ECG) stress testing or coronary computed tomography (CT) angiography to exclude CHD. A daily dose of 20 mg atorvastatin was administered to patients with high levels of LDL-C. Blood samples were taken from atorvastatin-treated patients at baseline and after 1 and 2 months of treatment. This study was approved by Huashan Hospital\'s Ethics Committee and all participants gave written, informed consent.

Blood collection
----------------

Blood was collected in the morning from the resting and fasting patients using a 21G needle without stasis. The blood was then stored in acid-citrate-dextrose (1:9) for platelet studies and in serum vacutainers for lipid profiling.

Whole blood flow cytometry
--------------------------

The detection of platelet surface receptors and their expression was evaluated in whole blood ([@B13]). Briefly, 30 µL citrated blood was diluted with 270 µL Tyrode buffer. Thereafter, 10 µL diluted blood was incubated with 5 µL of each of the following monoclonal antibodies: anti-GP IIb/IIIa labeled with fluorescein isothiocyanate (PAC-1 FITC; Becton Dickinson, USA), anti-P-selectin labeled with phycoerythrine (anti-CD62p PE; Becton Dickinson), and anti-cd42b labeled with allophycocyanin (anti-CD42b APC; Becton Dickinson) for 20 min at room temperature. The reaction was stopped by dosing 300 µL 1% paraformaldehyde and then analyzed on a Becton Dickinson FACSCanto Flow Cytometer (Becton Dickinson). The fluorescence of 10,000 platelets was recorded using the FACSDiva software 6.1.3 (Becton Dickinson).

Platelet preparation and measurement of platelet aggregation
------------------------------------------------------------

The examination was performed by optical aggregometry in platelet-rich plasma (PRP) using a platelet aggregometer (model TYXN-96 I Multifunctional Smart Blood Coagulation Analyzer, Shanghai General Machinery Research Institute, China). PRP and platelet-poor plasma (PPP) were prepared by differential centrifugation of anticoagulated blood (100 *g* for 10 min and 1300 *g* for 15 min, respectively). The platelet count of PRP was adjusted to 3.0×10^5^/µL with analogous PPP. Light transmission of PRP was adjusted to 0, and 100% for PPP served as reference. The PRP was incubated at 37°C in the aggregometer, followed by stimulation with 10 μmol/L adenosine diphosphate (ADP, Sigma-Aldrich, USA) at a constant stirring rate of 1000 rpm. The platelet aggregation curve was recorded for 5 min with MPAG as the analyzed parameter.

Lipid assay
-----------

Lipid profiles, including those of total cholesterol (TC), TG, and HDL-C (Sekisui Medical, Japan), were determined enzymatically on a Hitachi 7600 Automatic Biochemical Analyzer (Hitachi High-Technologies, Japan). In order to more accurately detect and reflect the levels of LDL-C, we used the direct method instead of Friedewald\'s formula to calculate the amount of LDL-C. The direct method was performed according to the manufacturer\'s instructions (Sekisui Medical) on the Hitachi 7600 Automatic Biochemical Analyzer.

Statistical analysis
--------------------

Results are reported as means±SD. Demographic data were analyzed using one-way ANOVA, the Kruskal-Wallis test, group *t*-test, and Wilcoxon\'s test for continuous variables, and chi-square test for categorical variables. ANOVA, the Kruskal-Wallis test, group *t*-test, and Wilcoxon\'s test were applied for the assessments of lipid assay, platelet aggregation and flow cytometry between the groups. Paired *t*-tests and matched-pairs signed-rank tests were performed to study platelet activation and the lipid profile after atorvastatin treatment. To account for the antiplatelet effect of statins between the two distinct groups, the group *t*-test and Wilcoxon\'s test were used. Spearman\'s correlation coefficient was used to determine the linear relationship between the studied variables and the surface expression of platelet PAC-1 and CD62p. The statistical software package Stata 11.0 (Stata Corp. LP, USA) was used for the analysis.

Results
=======

Characteristics of participants
-------------------------------

A total of 48 patients with high levels of LDL-C were recruited: 25 patients in the HNC group and 23 patients in the HLC group. The NOMC group consisted of 35 healthy volunteers. The relevant biochemical and hematological results are reported in [Table 1](#t01){ref-type="table"}. There were no differences in age, gender, body mass index, or cardiovascular risk factors (hypertension, diabetes mellitus, smoking history) between the groups. The lipid profiles of atorvastatin-treated patients are shown in [Table 2](#t02){ref-type="table"}.

Whole blood flow cytometry
--------------------------

The data showed increased platelet surface expression of CD62p (P-selectin) and PAC-1 (GPIIb/IIIa) in the HNC group compared with the NOMC group (P=0.004 and P=0.014). Moreover, the expressions of platelet markers CD62p and PAC-1 were greater in the HLC group than in the HNC group (P=0.004 and P=0.026; [Table 3](#t03){ref-type="table"} and [Figure 1](#f01){ref-type="fig"}).

![Results of the parameters of platelet CD62p. *A*, Normocholesterolemic volunteers. *B*, High levels of LDL-C combined with normal levels in HDL-C patients. *C*, High levels of LDL-C combined with low levels in HDL-C patients. LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol.](1414-431X-bjmbr-48-02-00167-gf001){#f01}

The platelet activation markers CD62p and PAC-1 decreased significantly after atorvastatin treatment ([Table 3](#t03){ref-type="table"}). The parameter baseline of 2 months was obtained to analyze the antiplatelet effect of atorvastatin between the HNC and HLC groups, and, as shown in [Table 4](#t04){ref-type="table"}, there was no correlation between HNC and HLC with that parameter (platelet CD62p, P=0.190; and platelet PAC-1, P=0.350, respectively). On the contrary, the expressions of platelet CD62p and PAC-1 remained higher in the HLC group than in the HNC group after 2 months of atorvastatin therapy (platelet PAC-1 2.33±1.57 *vs* 1.36±1.02%, P=0.0201, and platelet CD62p 1.51±1.67 *vs* 0.88±0.74%, P=0.116).

Platelet aggregation measurement
--------------------------------

MPAG was higher in the HLC group than in the HNC and NOMC groups, although there was no significant statistical difference (P=0.222). After atorvastatin administration, MPAG decreased in both the HLC and HNC groups (P=0.023 and P=0.231, respectively). Furthermore, there was no statistical difference between the two groups with the parameter baseline 2 months (P=0.291, [Table 3](#t03){ref-type="table"}).

Correlation analysis
--------------------

The correlation analysis of platelet activation markers and lipid parameters among the patients with high levels of LDL-C is reported in [Table 4](#t04){ref-type="table"}. There was no correlation between LDL-C and the expression of platelet CD62p among the patients. Although there was a linear relationship trend between LDL-C and platelet PAC-1 expression, this did not demonstrate a statistical difference ([Figure 2](#f02){ref-type="fig"}). On the other hand, there was a significant negative linear relationship between HDL-C and platelet CD62p, and a similar relationship was found between HDL-C and platelet PAC-1.

![Correlation analysis among the patients with high levels of LDL-C. *A*, Correlation between LDL-C and platelet PAC-1 (P\>0.05). *B*, Correlation between HDL-C and platelet CD62p (P\<0.05). *C*, Correlation between LDL-C/HDL-C and platelet PAC-1 (P\<0.05). LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol.](1414-431X-bjmbr-48-02-00167-gf002){#f02}

Furthermore, the data in [Table 4](#t04){ref-type="table"} showed two results with positive correlations among the patients with high levels of LDL-C: *1*) the correlation between LDL-C/HDL-C and platelet CD62p; and *2*) the correlation between LDL-C/HDL-C and platelet PAC-1.

Discussion
==========

Platelets play a beneficial role in maintaining hemostasis but are also involved in atherothrombotic diseases. They form platelet plugs at sites of plaque rupture via the stages of platelet adhesion, activation, and aggregation, resulting in thrombus formation ([@B14]), which is related to myocardial infarction and the no-reflow phenomenon after primary percutaneous coronary intervention ([@B15]). Our study is the first to investigate the effect of HLC on platelet activation.

In the current study, our data confirmed previous observations that high levels of LDL-C enhance platelet activation ([@B16]). Moreover, our results showed that platelet surface expression of P-selectin and GPIIb/IIIa increased to a greater extent in the HLC group than in the HNC group, indicating a further increase of platelet activation in HLC patients. In other words, the reduction of HDL-C may lead to a lack of protection from platelet activation in patients with high levels of LDL-C. In an *in vitro* study, the incubation of HDL-C and oxidized LDL (ox-LDL) in platelets led to inhibition of the increased number of P-selectin receptors induced by ox-LDL ([@B17]). In addition to analyzing platelet activation in patients by evaluating P-selectin receptors, we also used GPIIb/IIIa to investigate platelet activation in HLC patients via clinical research, since some studies have reported that GPIIb/IIIa is closely related to platelet aggregation as well as arterial thrombosis. Thus, our study provides further clinical evidence to clarify the relationship between plasma lipoprotein and platelet activation.

Although there was a linear relationship between LDL-C and platelet P-selectin and also between LDL-C and platelet GPIIb/IIIa in the patients with high levels of LDL-C, no statistical differences were found. On the other hand, a significant negative linear relationship was observed between HDL-C and both P-selectin and GPIIb/IIIa. This emphasized the importance of HDL-C in this population, implying the critical role that HDL-C plays in patients with high levels of LDL-C. A recent study demonstrated that low plasma levels of HDL-C in CHD patients and in healthy subjects are associated with increased platelet activation. It was found that the levels of HDL-C inversely affect platelet activation and result in an increase risk of CHD ([@B18]).

Apolipoprotein A-I (apoA-I) is the major component of HDL-C, whereas apoB is the primary apolipoprotein component of LDL-C. A previous study demonstrated that the apoB/apoA-I ratio was associated with increased carotid intima-media thickness ([@B19]). In a large standardized case-controlled study, INTERHEART unveiled the relationship between the apoB/apoA-I ratio and CHD. That study concluded that the apoB/apoA-I ratio was correlated with the risk of acute myocardial infarction, and the apoB/apoA-I ratio was considered an important predictor of CHD ([@B20]). Moreover, Assinger et al. ([@B05]) demonstrated that the balance between ox-LDL and oxidized HDL (ox-HDL) determined platelet activation in hypercholesterolemic patients. To go beyond the studies mentioned above, we introduced the ratio LDL-C/HDL-C as a parameter to evaluate platelet activation in patients with high levels of LDL-C. Surprisingly, there was a statistically significant correlation between LDL-C/HDL-C and platelet activation markers. Hence, we hypothesized that the ratio LDL-C/HDL-C could be used as a potential parameter to assess platelet activation in hypercholesterolemic patients.

The interaction between HDL-C surface LRP-8 (apoER2′) and platelet lipidated apoE resulted in increased nitric oxide production, thereby inhibiting platelet activation ([@B21]). Moreover, ox-HDL but not native HDL-C binds platelet scavenger receptor-BI (SR-BI), which inhibits platelet reactivity to ADP and other agonists by interfering with protein kinase C (PKC) activation mediated by an ox-LDL/SR-BI complex, because SR-BI is one of the important platelet receptors ([@B22]).

Numerous studies have demonstrated that statins have an antiplatelet effect via a lipid-lowering dependent mechanism or lipid-lowering independent mechanism ([@B23],[@B24]). Recent studies found that statins and fibrates activate platelet peroxisome proliferator-activated receptors and reduce platelet aggregation in response to arachidonic acid, which is related to the downregulation of PKC in platelets ([@B25]). Other studies have shown that statins reduce thromboxane A~2~ (TXA~2~) production and thus inhibit platelet aggregation ([@B24]). Our study found that the expression of platelet P-selectin, GPIIb/IIIa, and MPAG decreased in both the HLC and the HNC groups after a 2-month treatment with atorvastatin. Such a finding may be in line with data from Labios et al. ([@B26]), which demonstrated the effect of statins on platelet activation among hypercholesterolemic patients.

Using the parameter of baseline of 2 months, we found that the antiplatelet effect of atorvastatin was similar in both the HLC and the HNC groups. Values for platelet activation markers GPIIb/IIIa and P-selectin remained higher in the HLC group than in the HNC group after atorvastatin treatment. This may be attributed to the absent effect of atorvastatin on HDL-C, which further leads to a deficiency in the antiplatelet effect that could be compensated by HDL-C. Thus, medical providers should take notice of this situation. Antiplatelet therapy or HDL-elevating treatment might be considered for such patients in clinical practice.

Generally low numbers of patients were included in this study owing to the strictness of the inclusion and exclusion criteria. Thus, further multicenter studies with larger samples need to be carried out in order to define the assumption. In this study, we focused on phenomenon-based investigations, and were unable to interpret the microscopic changes between HDL-C and platelet activation because of a lack of a mechanism study.

In conclusion, LDL-C levels do not lead to any difference in platelet activation in patients with high levels of LDL-C; however, HDL-C levels lead to the following difference in platelet activation: a reduction in HDL-C levels increases platelet activation. Furthermore, the balance between LDL-C and HDL-C may determine the platelet activation of hypercholesterolemic patients. On the other hand, platelet activation remains higher among patients in the HLC group regardless of atorvastatin treatment.
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